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HIGHLIGHTS 


•  Hybrid  cathodes  containing  CFX  and  silver  vanadium  oxide  were  investigated  using  NMR. 

•  7Li  and  19F  NMR  signals  were  compared  for  samples  after  various  periods  of  rest. 

•  After  1  and  3  months  of  rest,  the  relative  amount  of  LiF  in  the  cells  increased. 

•  Changes  in  peak  intensities  are  attributed  to  Li+  migration  between  the  two  phases. 
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Solid  state  7Li  and  19F  magic  angle  spinning  nuclear  magnetic  resonance  (MAS  NMR)  experiments  are 
conducted  on  several  cathodes  containing  CFX-Silver  vanadium  oxide  (CFx-Ag2V40n)  hybrid  cathodes 
discharged  to  50%  depth  of  discharge  (DoD)  and  stored  at  their  open-circuit  voltage  for  a  period  of  one 
and  three  months.  Three  carbonaceous  sources  for  the  CFX  phase  are  investigated:  petroleum  coke-based, 
fibrous,  and  mixed  fibrous.  For  each  hybrid  cathode,  a  measurable  increase  in  the  relative  amount  of 
lithium  fluoride  is  observed  after  a  three  month  resting  period  in  both  the  7Li  and  19F  NMR  spectra.  These 
changes  are  attributed  to  lithium  ion  migration  from  the  silver  vanadium  oxide  to  the  CFX  phase  during 
the  resting  period,  and  help  clarify  the  mechanism  behind  high  power  handling  capability  of  this 
cathode. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Modern  pacemakers  and  other  implantable  medical  devices, 
such  as  neurostimulators  and  drug  delivery  pumps,  have  unique 
power  requirements  that  have  spearheaded  innovations  in  lithium 
battery  technology.  General  requirements  for  the  batteries  in  these 
devices  include  safety,  reliability,  high  energy  density,  a  small 
footprint,  low  self-discharge  (which  are  capacity  losses  due  to 
chemical  side-reactions  in  the  cell),  and  predictable  end-of-life 
indicators  in  the  discharge  profile.  Among  the  unique  power 


*  Corresponding  author.  Tel.:  +1  212  772  4973;  fax:  +1  212  772  5390. 

E-mail  address:  steve.greenbaum@hunter.cuny.edu  (S.G.  Greenbaum). 

1  Present  address:  Department  of  Chemistry,  CUNY  Queensborough  Community 
College,  Bayside,  NY  11364,  USA. 

0378-7753 /$  -  see  front  matter  ©  2014  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2013.12.108 


requirements  of  implantable  cardiac  defibrillators  (ICDs),  for 
example,  are  continuous  microampere  current  drain  over  the  life¬ 
span  of  the  device  (typically  several  years),  as  well  as  the  ability  to 
rapidly  deploy  high  current  pulses  on  the  order  of  a  few  amperes  if 
fibrillation  is  detected.  Advances  such  as  multi-site  pacing, 
programmability,  and  telemetric  functionality  of  these  devices 
further  necessitates  power  sources  with  high  energy  densities  and 
flexible  rate  capability  [1,2].  To  meet  these  needs,  Li/CFX  and  Li/ 
Ag2V40n  (Li/SVO)  cells  were  developed  [3-5]. 

CFX,  where  x  is  nominally  1.0  for  commercial  grade  products,  is 
synthesized  by  reacting  F2  gas  with  carbon  at  elevated  tempera¬ 
tures  up  to  approximately  600  °C.  The  theoretical  gravimetric  ca¬ 
pacity  of  CFX  is  864  mAh  g_1.  Li/CFX  cells  also  have  a  relatively  high 
voltage  of  3.0  V,  Fig.  la.  The  chemical  reactions  in  the  discharge 
process  of  CFX  can  be  written  as: 
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Fig.  1.  Plots  of  cell  voltage  vs.  depth  of  discharge,  a)  Li/CFX  and  Li/SVO;  b)  Li/CFX— SVO  hybrid.  The  carbon  source  of  the  CFX  in  this  graph  was  petroleum  coke. 


Anode:  xLi  ->  xLi+  +  xe~ 

Cathode:  xe-  +  CFX  ->  C  +  xF_ 

Overall  reaction:  xLi  +  CFX  ->  xLiF  +  C 

During  lithiation,  elemental  carbon  and  lithium  fluoride  are 
formed.  [6-8]  The  elemental  carbon  is  more  conductive  than  the 
pristine  CFX  material,  which  lowers  the  internal  impedance  of  the 
cell  and  improves  the  efficiency. 

Since  the  mid-1980s,  Li/SVO  batteries  have  been  incorporated 
into  the  majority  of  ICDs,  where  high  currents  are  required  for 
operation.  [9]  The  theoretical  gravimetric  capacity  of  SVO  is 
315  mAh  g-1.  The  overall  cell  reaction  is  given  by: 

7 Li  +  Ag2V40n  ->  Li7Ag2V40ii 

During  the  early  stages  of  lithiation  of  LixAg2V40n  (0  <  x  <  2.4), 
a  loss  of  crystallinity  is  observed  as  Ag+  gets  reduced  to  nano-sized 
metallic  Ag°.  The  formation  and  extrusion  of  metallic  silver  from 
SVO  greatly  increases  the  conductivity  of  the  cathode  and  con¬ 
tributes  to  the  high  current-carrying  property  of  the  system.  For 
x  >  2.4,  reduction  of  V5+  to  V4+  and  V3+  occurs  resulting  in  for¬ 
mation  of  mixed-valence  materials  [10-19]. 

Another  attractive  property  of  the  Li/SVO  battery  is  a  stepped 
voltage-capacity  curve  with  a  plateau  near  the  end  of  the  discharge 
due  to  the  presence  of  many  oxidation  states  of  vanadium  and  the 
reduction  of  silver,  Fig.  la.  This  end-of-life  plateau  serves  as  a 
reliable  warning  prior  to  the  depletion  of  the  battery  [10,13-15].  In 
contrast,  the  Li/CFX  battery  has  a  higher  energy  density,  but  due  to  a 
voltage-curve  that  is  mostly  flat  during  discharge  before  a  steep 
decline,  does  not  have  an  ample  end-of-service  warning  [3]. 

Recently,  Medtronic  introduced  a  hybrid  cathode  composed  of 
mixtures  of  CFX  and  SVO  which  displays  the  desirable  properties  of 
high  energy  density  and  high  rate  capability.  The  energy  density  is 
comparable  to  that  of  traditional  Li/I2  batteries,  but  with  two  orders 
of  magnitude  higher  power  density.  [3]  Additionally,  the  hybrid 
cathode  exhibits  the  same  end-of-service  warning  in  the  discharge 
profile  as  the  Li/SVO  battery,  as  shown  in  Fig.  lb,  in  which  the 
carbon  source  for  the  CFX  was  petroleum  coke  (which  will  be  dis¬ 
cussed  later).  Altering  the  CFX  and  SVO  ratio  of  the  hybrid  cathode, 
coupled  with  choice  of  the  electrolyte,  allows  for  the  power-energy 
characteristics  as  well  as  the  time  between  the  end-of-service 
warning  and  the  depletion  of  the  battery  to  be  tuned  for  desired 
performance  profiles.  As  such,  it  is  desirable  to  understand  the 
electrochemical  interactions  between  CFX  and  SVO  in  different 
states  of  discharge.  Conventional  belief  is  that  during  high  power 
demands,  majority  of  capacity  is  delivered  by  discharge  of  the  SVO 
and  upon  rest  the  SVO  is  recharged  while  CFx  is  gradually 


discharged.  The  amount  of  CFx  discharge  during  the  high  power 
event  and  the  subsequent  recharge  of  SVO  varies  with  the  CFx  type. 
At  present,  there  have  been  no  reports  on  the  mechanism  of  charge 
transfer  between  the  two  phases,  nor  details  regarding  the  kinetics 
of  the  process.  The  goal  of  this  paper  is  to  apply  NMR  to  provide 
evidence  of  this  process  at  the  atomic  level. 

Flere,  7Li  and  19F  MAS  NMR  measurements  of  various  CFx/SVO 
hybrid  cathodes,  where  different  carbonaceous  sources  of  the  CFX 
were  used  (petroleum  coke-based,  fibrous,  and  mixed  fibrous),  are 
presented  which  demonstrate,  in  each  case,  a  small  increase  in  the 
relative  amount  of  lithium  fluoride  as  a  function  of  resting  time  for 
a  given  depth  of  discharge.  This  change  is  attributed  to  charge 
transfer  that  occurs  via  physical  contact  between  cathode  particles 
during  rest  whereby  lithium  ions  initially  inserted  into  the  SVO 
phase  transfer  to  the  CFX  phase  to  form  LiF.  These  effects  are 
observable  despite  a  relatively  low  current  density  (125  pA  cm-2) 
during  discharge.  To  our  knowledge,  this  is  the  first  demonstration 
of  charge  transfer  at  the  atomic  or  molecular  level. 


2.  Experimental 

Flybrid  cathodes  were  prepared  by  mixing  CFX  and  Ag2V40n  in  a 
2:1  ratio  by  capacity.  The  electrolyte  for  each  cell  was  1  M  LiAsF6 
dissolved  in  a  1:1  mixture  by  volume  of  propylene  carbonate  (PC) 
and  dimethoxyethane  (DME).  Carbon  black  was  added  to  make  the 
cathodes  more  conductive.  Each  cell  contained  a  binder  composed 
of  polytetrafluoroethylene  (PTFE).  Cells  were  electrochemically 
discharged  at  125  pA  cm-2  to  the  target  depth  of  discharge  at  37  °C. 
One  set  of  cells  were  disassembled  immediately  after  discharge  and 
the  remaining  cells  were  then  left  at  ambient  temperature  at  their 
open  circuit  voltage  for  a  period  of  either  1  month  or  3  months.  The 
cathodes  were  recovered  and  washed  with  the  PC/DME  mixture 
first  and  then  with  pure  DME.  The  cathode  materials  were  dried 
under  vacuum  at  approximately  90  °C. 

Solid  state  19F  and  7Li  magic  angle  spinning  nuclear  magnetic 
resonance  spectroscopy  was  performed  at  7  T  using  a  Varian  S 
Direct  Digital  Drive  spectrometer  operating  at  283.27  and 
117.13  MFIz  respectively.  All  the  experiments  were  performed  on  a 
Varian  1.6  mm  FastMAS  double-resonance  probe.  Samples  were 
packed  in  1.6  mm  rotors  inside  an  argon  glove  box  and  spun  to 
approximately  30  kHz  using  compressed  air.  In  order  to  minimize 
background  fluorine  signal  from  the  fluoroplastic  components  in 
the  probe  and  to  flatten  the  baseline  of  the  spectra,  a  Hahn  echo 
pulse  sequence  was  used  for  the  19F  NMR  measurements.  A  radi¬ 
ofrequency  field  strength  of  approximately  140  kHz  was  used  for 
each  echo  experiment.  A  single  rotor  period  (33.33  ps)  was 
employed  between  the  90°  and  180°  radiofrequency  pulses.  The 
recycle  delay  was  between  100  and  240  s,  depending  on  the 


P.J.  Sideris  et  al.  /  Journal  of  Power  Sources  254  (2014)  293-297 


295 


sample,  to  ensure  quantitative  results.  7Li  data  were  collected  using 
direct  excitation,  with  a  radiofrequency  field  strength  of  approxi¬ 
mately  160  kHz.  The  recycle  delays  were  between  80  and  120  s.  An 
aqueous  solution  of  lithium  triflate  was  used  as  a  secondary 
reference  for  both  19F  (-78.5  ppm  relative  to  the  standard  CFCI3) 
and  7Li  (0  ppm  relative  to  the  standard  LiCl(aq)).  NMR  data  were 
processed  using  the  WinNuts  software  package.  The  free  induction 
decay  was  apodized  using  a  single  exponential  (LB  =  50  Hz)  before 
Fourier  transformation. 

3.  Results  and  discussion 

Fig.  2  shows  representative  19F  spectra  of  the  hybrid  cathodes  as 
a  function  of  depth  of  discharge  (DoD)  without  any  rest  period, 
along  with  a  CFX  reference  spectrum.  The  spectra  have  chemical 
shifts  and  breadths  that  are  consistent  with  those  expected  from 
previously  studied  fluorinated  carbonaceous  materials.  [17,20-25] 
The  pristine  CFX  material  has  isotropic  resonances  at 
approximately  -185,  -170,  -120,  and  -113  ppm.  The  majority  of 
the  fluorine  intensity  for  each  CFX  sample  arises  from  the  peaks 
at  -185  and  -170  ppm.  The  resonance  at  -185  ppm  is  the  most 
intense  and  narrow.  The  peak  centered  about  -170  ppm  is  partially 
resolved  and  appears  as  a  broad  shoulder.  The  peaks  at  -125 
and  -113  ppm  have  relatively  smaller  amplitudes  to  the  other  two 
sites  and  have  comparable  intensity.  The  19F  MAS  NMR  spectra  of 
cathodes  harvested  from  discharged  batteries  contain  three  addi¬ 
tional  resonances:  a  very  intense  peak  at  -207  ppm,  a  narrow 
resonance  at  -123  ppm  with  a  large  amplitude,  and  a  weak  peak 
at  -70  ppm.  On  the  basis  of  chemical  shift,  these  peaks  are 
assigned  to  fluorine  in  LiF,  the  binder,  and  residual  AsF6  from  the 
electrolyte,  respectively.  [22,23]  As  the  battery  is  discharged,  the 
LiF  component  increases  in  intensity  while  all  of  the  resonances  of 
the  CFX  decrease  in  intensity.  By  80%  DoD,  the  19F  spectra  are 
dominated  by  the  LiF  signal.  The  remaining  intensity  of  the  reso¬ 
nances  from  the  CFX  material  are  greatly  reduced  to  the  point 
where  they  appear  as  broad  features  in  the  baseline.  These  spectral 
features  are  consistent  with  the  proposed  mechanism  of  lithiation 
during  discharge. 


-123  -207 


ppm 


Fig.  2.  Representative  19F  MAS  NMR  spectra  of  CFx/SVO  hybrid  cathodes  as  a  function 
of  depth  of  discharge  and  0  rest  time.  Cathode  materials  from  petroleum  coke-based 
CFX  are  shown.  The  pristine  CFX  samples  have  isotropic  shifts  at 
approximately  -113,  -120,  -170,  and  -185  ppm.  A  sharp,  intense  binder  peak  is 
present  at  -123  ppm.  During  discharge,  a  resonance  at  -207  ppm  appears,  indicative 
of  LiF.  A  weak  resonance  at  -70  ppm  is  attributed  to  residual  electrolyte  salt,  LiAsF6. 
Asterisks  denote  spinning  sidebands. 


-207 


ppm 

Fig.  3.  Stack  plot  of  the  19F  MAS  NMR  spectra  of  the  Coke  CFx/SVO  hybrid  cathode  as  a 
function  of  resting  period.  Isotropic  resonances  and  spinning  sidebands  are  denoted  by 
dashed  lines  and  asterisks  respectively.  A  resonance  at  approximately  -85  ppm, 
tentatively  assigned  to  an  electrolyte  decomposition  product,  appears  after  a  1  month 
resting  period  and  increases  in  intensity  between  1  and  3  months  of  rest.  The  sharp 
resonance  at  approximately  -123  ppm  is  due  to  the  binder. 

In  order  to  more  accurately  quantify  any  site-specific  changes  in 
the  19F  NMR  intensity  due  to  charge  transfer,  a  50%  DoD  was  tar¬ 
geted  for  cells  that  with  rest  periods  of  1  and  3  months.  Fig.  3  shows 
the  19F  MAS  NMR  spectra  of  a  representative  sample,  the  Coke  CFX/ 
SVO  hybrid  cathode,  discharged  to  50%  DoD  as  a  function  of  resting 
time.  A  new  resonance  at  approximately  -85  ppm  appears  after  1 
month  rest  and  increases  in  intensity  by  3  months.  This  resonance 


ppm 

Fig.  4.  19F  MAS  NMR  spectra  of  the  various  CFx/SVO  hybrid  cathodes  discharged  to  50% 
DoD  as  a  function  of  resting  time  -  3  months  (red),  1  month  (green),  0  time  (black).  A 
spinning  sideband  of  the  binder  peak  (isotropic  resonance  not  shown)  is  marked  by  an 
asterisk.  Very  slight  differences  in  sample  spinning  speed  resulted  in  sidebands  that  do 
not  overlap  exactly.  The  spectra  are  normalized  with  respect  to  the  peak  at  -185  ppm. 
The  peak  due  to  LiF  appears  at  approximately  -207  ppm. 
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is  tentatively  assigned  to  an  electrolyte  decomposition  product.  The 
mechanism  for  such  decomposition  on  the  cathode  side  is  not 
known,  but  it  is  possible  that  such  products  forming  on  the  anode 
side  could  migrate  through  the  electrolyte  and  wind  up  in  the 
cathode. 

Fig.  4  displays  the  19F  MAS  NMR  spectra  of  all  the  CFx/SVO  hybrid 
cathodes  discharged  to  50%  DoD  as  a  function  of  resting  period.  The 
overlaid  spectra  were  normalized  with  respect  to  the  resonance 
at  -185  ppm  at  0  time  for  each  sample  and  displayed  from  -140 
to  -240  ppm  to  emphasize  the  changes  in  intensity  of  the  main 
spectroscopic  features.  For  each  hybrid  cathode,  there  is  a  slight 
increase  in  the  intensity  of  the  LiF  resonance  by  the  3  month  resting 
period.  The  fibrous  and  mixed  fibrous  CFX  samples  both  show  a 
slight  increase  in  the  intensity  of  the  LiF  resonance  during  1  month 
rest. 

These  relative  changes  in  intensity  of  the  LiF  peak  during  the 
resting  periods  are  attributed  to  Li+  transfer  from  the  SVO  phase  to 
the  CFX  phase.  The  resonances  at  approximately  -170 
and  -185  ppm  are  overlaid  on  top  of  each  other  in  the  normalized 
plots  of  the  Coke  and  Fibrous  CFx/SVO  cathodes,  implying  that  the 
source  of  fluorine  to  produce  the  LiF  during  the  Li+  transfer  from 
the  SVO  to  the  CFX  phase  arises  from  both  of  these  chemical 
environments. 


Fig.  5.  7Li  MAS  NMR  spectra  of  each  CFx/SVO  hybrid  cathode  discharged  to  50%  DoD  as 
a  function  of  resting  period  -  3  months  (red),  1  month  (green),  0  time  (black).  Only  the 
isotropic  region  is  displayed.  Two  resonances  are  resolved  at  approximately 
0  and  -12  ppm.  All  spectra  are  normalized  to  the  peak  at  -12  ppm. 


Table  1 

Percent  changes  in  the  amount  of  LiF  present  in  the  coke,  fibrous,  and  mixed  fibrous 
CFx/SVO  hybrid  cathodes  discharged  to  50%  DoD  after  a  resting  period  of  1  and  3 
months,  relative  to  0  time.  The  intensities  of  the  isotropic  LiF  peaks  (approx¬ 
imately  -207  ppm  for  the  19F)  were  used  in  the  analysis. 


Relative  percent  change  (%)  in  LiF  from  the  7Li  and 
resting  period 

19F  MAS  NMR  data  with 

Sample 

1  month 

3  month 

Coke  CFx/SVO 

10 

13 

Fibrous  CFx/SVO 

0 

8 

Mixed  Fibrous  CFx/SVO 

10 

20 

Fig.  5  shows  the  7Li  MAS  NMR  spectra  of  the  hybrid  cathodes 
discharged  to  a  DoD  of  50%  as  a  function  of  resting  period.  Two 
resonances  can  be  resolved,  centered  at  approximately 
0  and  -12  ppm.  All  spectra  are  normalized  with  respect  to 
the  -12  ppm  peak.  The  resonance  at  0  ppm  is  much  more  intense 
and  broad  relative  to  the  one  at  -12  ppm.  Diamagnetic  lithium 
environments,  such  as  those  present  in  the  electrolyte  salt  (LiAsF6), 
solid  electrolyte  interphase  (SEI),  and  lithium  fluoride,  all  resonate 
at  approximately  0  ppm  [26].  This  intense  peak  contains  contri¬ 
butions  from  each  of  these  environments.  There  are  slight  differ¬ 
ences  in  the  line  width  of  this  resonance  in  the  samples  that  are 
attributed  to  corresponding  variations  of  the  above  components. 

Based  on  the  relative  intensities  of  the  LiF  and  residual  LiAsF6 
environments,  as  determined  by  the  19F  MAS  NMR  spectra,  the 
lithium  signal  around  0  ppm  is  dominated  by  the  LiF  contribution. 
The  resonance  at  -12  ppm  is  assigned  to  lithium  intercalated  into 
SVO  during  the  initial  stages  of  discharge,  where  Li+  replaces  Ag+  in 
the  structure,  as  reported  previously  [17].  The  presence  of 
the  -12  ppm  peak  in  the  7Li  spectra  and  the  -207  ppm  (LiF)  peak  in 
the  19F  spectra  of  each  sample  confirms  the  insertion  of  lithium  into 
both  the  SVO  and  CFX  phases  during  discharge.  The  relatively 
weaker  intensity  of  the  -12  ppm  peak  can  be  attributed  to  the 
following:  (i)  the  hybrid  cathodes  contained  more  CFX  than  SVO 
(2:1),  and  (ii)  the  cells  were  discharged  at  a  relatively  low  current 
density  (125  pA  cm-2),  which  permits  comparable  lithium  insertion 
into  both  the  SVO  and  CFX  phases.  Both  factors  increase  the  pro¬ 
duction  of  LiF  and  consequently  the  intensity  at  approximately 
0  ppm. 

By  3  months  of  rest  at  the  OCV,  the  relative  intensity  of  the 
0  ppm  peak  increases  for  each  sample.  Another  factor  in  the  in¬ 
crease  of  the  0  ppm  relative  to  -12  ppm  component  is  the  decrease 
of  Li  in  the  SVO  phase  (again,  the  spectra  are  normalized  with 
respect  to  the  -12  ppm  peak  at  zero  time).  Moreover,  the  center  of 
gravity  of  the  lithium  signal  shifts  closer  toward  0  ppm.  These  re¬ 
sults  are  consistent  with  the  19F  NMR  data  which  featured  an  in¬ 
crease  in  the  amount  of  LiF  that  occurs  via  Li+  transfer  from  the  SVO 
to  CFX  phase.  Attempts  to  quantify  the  changes  in  intensity  for  19F 
MAS  NMR  data  are  presented  in  Table  1.  The  data  are  presented  as  a 
percent  change  in  the  LiF  environment  (-207  ppm  peak)  relative  to 
the  0  time  sample.  A  3%  error  in  the  relative  percentages  was 
estimated  by  performing  the  spectral  deconvolutions  and  in¬ 
tegrations  multiple  times. 

4.  Conclusions 

Multinuclear  MAS  NMR  studies  were  performed  on  discharged 
CFX— SVO  hybrid  cathodes.  Characteristic  signals  arising  from  the 
insertion  of  lithium  ions  into  both  the  CFX  and  SVO  phases  were 
observed.  Additionally,  7Li  and  19F  data  have  shown  a  measurable 
change  in  the  relative  intensity  of  lithium  fluoride  during  a  resting 
time  of  3  months  after  achieving  a  target  depth  of  discharge  (50%) 
at  a  modest  current  density  of  125  pA  cm-2.  This  change  is 
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attributed  to  lithium-ion  transfer  from  the  SVO  to  the  CFX  phase, 
during  rest,  thereby  producing  LiF.  The  result  provides  direct  evi¬ 
dence  of  the  charge  transfer  between  SVO  and  CFX  in  this  binary 
active  cathode  system.  Understanding  of  the  charge  transfer  ki¬ 
netics  could  lead  to  further  optimization  of  the  SVO/CFx  hybrid  for 
applications  with  diverse  power  requirements. 
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